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PROPERTIES OF DISPERSION-STRENGTHENED CHROMIUM - 4-VOLUME-

PERCENT-THORIA ALLOYS PRODUCED BY BALL MILLING

IN HYDROGEN IODIDE

by Alan Arias

LewisResearch Center

SUMMARY

This investigation was conducted to determine the effect of processing variables on

the tensile properties and ductile-to-brittle transition temperature (DBTT) of chromium -

4 volume percent thoria (Cr-4 vol. % ThO 2) and pure chromium (Cr) prepared by ball

milling in hydrogen iodide.

Densities of 98.6 to 99.8 percent of theoretical resulted from isostatic hot pressing

the Cr and alloy powders either at 1093 ° C and 68.9 meganewtons per square meter (MN/

m 2) or at 1204 ° C and 103.4 MN/m 2. The second conditions yielded alloys with better

tensile properties.

Hot rolling canned Cr alloys at 871 ° C produced sound specimens with good tensile

properties. Lower alloy DBTT resulted by hot rolling at 760 ° C, but the cans cracked.

Roll consolidation of canned powders proved feasible, but the alloy produced had inferior

tensile properties.

At 345 °, 1093 °, and 1316 ° C the ultimate tensile strengths (UTS} of hot pressed and

hot rolled (HP and HR) alloys were 790, 103, and 46 MN/m 2, respectively; whereas the

UTS of HP alloys were 615 (extrapolated} 45.4, and 6.9 MN/m 2, respectively. The UTS

of pure Cr at 1093 ° C was 61 MN/m 2. The 0.2 percent offset yield strength (YS) of HP

and HR alloys was 91 MN/m 2 at 1093 ° C as compared with 51 MN/m 2 for the HP alloy

and 60.7 MN/m 2 for pure Cr. In the range below about 900 ° C both the HP and the HP

and HR alloys have about twice the YS of pure Cr.

The DBTT of the HP and HR alloys was -8 ° to 24 ° C, as compared with 501 ° C for

the as HP alloy and 139 ° C for pure Cr. The DBTT of the HP and HR alloys increased by

heating at temperatures above 1316 ° C. It is theorized that the dispersoid lowers the

DBTT by inhibiting the recovery and recrystallization of the strained structure.



INTRODUCTION

In recent years NASAand other organizations have shownconsiderable interest in
chromium and chromium-base alloys. This interest stemmed from some of chromium's
desirable properties: a relatively high melting point (1893°C), a high elastic modulus
(282.7×103MN/m2), andlow density (7.2 g/cm3). In addition, whencompared with other
refractory metals (W, Mo, Ta, Cb, Re), chromium has goodoxidation resistance and
equivalenthomologoustemperature tensile strength (ref. 1). Unfortunately, chromium
has a relatively high ductile-to-brittle transition temperature (DBTT). This DBTT is
very sensitive to the impurity content (N and C, particularly) in chromium. The high re-
activity of this metal aggravates the situation. For these reasons chromium must be
processedwith extreme care in order to minimize its contamination. Becauseof these
difficulties, the developmentof chromium-base alloys of engineering significance has
beenhindered.

Arguments for andagainst the use of chromium and chromium-base alloys as engi-
neering materials canbe found in several review reports (refs. 2 to 4). These review
reports showthat a great deal of work hasbeen doneto improve the high-temperature
strength andthe DBTT of chromium by conventional alloying. However, relatively little
hasbeendoneto improve the properties of chromium by dispersion strengthening. Yet,
whenconsidering its dramatic effects on nickel and nickel-chromium alloys, it was felt
that dispersion strengthening may well offer a goodapproach for improving the high-
temperature properties of chromium. In addition, there were indications that dispersion
strengtheningmight also improve the DBTT of chromium (refs. 5 and 6).

Dispersion strengthening of metals canbe accomplishedby many methods (ref. 7).
Amongthese methods, ball milling has shownpromise of providing the required inter-
particle spacingsnecessary for effective dispersion strengthening (ref. 8). In addition,
ball milling offers the advantagesof versatility, low cost, and scale uppotential.

In a preliminary investigation (ref. 8) chromium-thoria mixtures were milled to sub-
micron size powderswith a minimum of contamination by using hydrogen iodide gas as
the milling medium. Previous investigations by the author (refs. 8 and9) have shown
that comminution of ductile metals to submicron particle size requires reaction of these
metals with the milling media. The main reason for using hydrogen iodide as a ball-
milling mediumis that the chromium iodide formed during ball-milling aids the milling,
probably reducesoxygenand nitrogen contamination, and canbe reducedby reaction with
hydrogen at relatively low temperatures. The use of low temperatures in this so-called
"hydrogen cleaning" process minimizes the chancesof agglomerating the dispersoid.

Thus, the present investigation was undertaken to dispersion strengthen chromium
by the hydrogeniodide ball-milling process andto determine the effectiveness of disper--
sion strengtheningin improving tensile properties and DBTT. Compositions of chromium
with 4 volume percent thoria were prepared by ball milling in hydrogeniodide and



consolidatedby isostatic hot pressing followed by hot rolling. Tensile properties were
determined up to 1537° C, and the bend DBTT wasevaluated. For comparison the pro-
perties of pure chromium processedby the same methodswere determined. At-
tempts were also madeto introduce elements (Y, Hf, Th) during the ball milling process
that would scavengeembrittling interstitial elements such as nitrogen and carbon.

MATERIALS AND EQUIPMENT

Materials

The materials used in this investigation are given in table I. These materials were
high-purity, powdered electrolytic chromium; yttrium, hafnium, and thorium powders;
colloidal thorium dioxide (thoria); andhydrogen iodide. The chemical analysis (or man-
ufacturer's specifications) and purities of the raw materials are also shownin table I.

Equipment

Apparatus and equipmentused in this investigation included ball mills with pressure
gages, chromium balls, a rig for evacuatingthe ball mills andpressurizing them with
hydrogen iodide, a retort for hydrogen cleaning the ball milled powders, anda hydrogen
cleaning rig.

Ball mills. - The type of ball mill used in this investigation has been described

in reference 8. For all milling runs molybdenum lined mills were used.

Balls. - The balls used in all the milling runs were made from chromium. These

chromium balls were 1 centimeter in diameter (nominal) and were made by powder metal-

lurgy techniques. Approximately 3250 grams of these chromium balls were used in each

milling run with the molybdenum lined mills.

Evacuating and pressurizing rig. - The ball mills were evacuated and then pressur-

ized or repressurized with hydrogen iodide in the rig shown in figure 1. The purpose of

the cryogenic trap (indicated in the figure) was to trap any residual hydrogen iodide that

might remain in the ball mill from a previous run. Thus, the vacuum pump is protected

from the corrosive effects of hydrogen iodide.

Retorts. - The retorts used in this investigation are larger versions of the retort

used for the same purposes in the work described in reference 8. A retort used in the

present investigation is shown in cross section as part of the hydrogen cleaning rig de-

picted in figure 2.
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Hydrogen cleaning rig. - A schematic diagram of the hydrogen cleaning rig (with a

retort in position) is shown in figure 2. The reduction process is monitored by means of

a gas chromatograph. A four-way switch valve and a cryogenic trap allow the collection

of any convenient size sample of condensables from the exhaust gases.

PROC EDURES

The procedures used in this investigation are described in the order shown in the

flow diagram of figure 3. Unless otherwise noted, all operations involving the handling

of powders were carried out in a helium filled glove box.

Loading ball mills. - In all runs with chromium and thoria, 141.7 grams of chro-

mium and 8.247 grams of thoria were used. This is equivalent to 150 grams of Cr-ThO 2

mixture with 4 vol. % thoria. In one milling run with pure chromium, 150 grams of

chromium powder were used.

Pressurizing ball mills with hydrogen iodide. - The loaded mills were placed in the

pressurizing rig shown in figure 1. The mills were then evacuated. After evacuation,

the ball mills were pressurized with hydrogen iodide gas to about 6.2x105 newtons per

square meter (90 psi).

Ball milling. - The pressurized ball mills were placed in a ball milling rack adjusted

to turn the mills at 100 rpm. Other steps in the milling process are shown in figure 3

and are also described in reference 8. The milling time was held constant at 320 hours.

This time was determined by preliminary studies of the time required for the pressure

drop in the mill to cease. The total amount of hydrogen iodide used for each batch of ma-

terial was between 109 and 124 grams, as calculated from the pressure drop during ball

milling.

The batches of material prepared for this investigation are listed in table II. Each

batch of milled material is identified by a letter. The first numeral following the batch

designation indicates some variations in processing steps.

The ball milled powders were separated from the balls by sieving. In a few in-

stances the balls were removed from the mill and washed, dried, and weighed in order to

determine the amount of material removed from the balls during ball milling.

Reduction or cleaning in hydrogen. - Each batch of milled powder was placed in a

molybdenum boat and the boat was placed in a retort. The retort was then closed and

transferred from the glove box to the hydrogen cleaning rig.

During the reduction or cleaning process, the hydrogen reacts with the chromium

iodide formed during the ball milling operation to form hydrogen iodide and (solid) chro-

mium (ref. 8). The reduction temperatures and times at temperature used for each run

are listed in table II. The aim was to reduce the chromium iodide at 650 ° C. However,

in some cases partial clogging of the stainless-steel filter due to its reaction with
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hydrogen iodide decreasedthe hydrogen flow and causeda slight rise in the temperature
of the retort, as indicated by the average retort temperatures shownin table II. Reduc-
tion times were determined by the results of exhaustgasanalysis by gas chromato_oTaphy.
Reductionwas regarded as completedwhena sample collected during 10minutes showed
no hydrogen iodide. The reduction times required to reach completion varied mainly be-
cause of variations in hydrogen flow due to clogging of the stainless-steel filter.

Hot pressing and hot rolling. - In preparation for isostatic hot pressing, the clean

powders were canned as shown in figure 4. About 30 grams of powder were loaded in the

cans to be hot pressed only. About 70 grams of powder were loaded in the cans to be hot

rolled. Details about the canning and the sealing of the cans by electron-beam welding

are evident from figure 4.

The canned powders were isostatically hot pressed in a high-pressure, high-

temperature autoclave. The temperature and pressure for each hot pressed batch is

shown in table II. Time at temperature and pressure was 2 hours for all runs.

The hot rolling temperatures and reductions per pass are shown in table II. Total

reduction of area was approximately 85 percent for all rolled materials.

After consolidation, the stainless-steel cans were removed by pickling in aqua regia.

The thin tantalum thimble used as a can liner prevented the acid from attacking the

chromium.

Densities. - The densities of the consolidated samples were determined by the water

immersion method.

Tensile tests. - Dimensioned drawings of the tensile specimens used in this investi-

gation are shown in figure 5. Button head specimens of circular cross section (fig. 5(a)}

were used for testing some of the as hot-pressed materials. The thickness of the flat

specimens (fig. 5(b)) after grinding was between 0.076 and 0. 101 centimeter. All round

and flat specimens were electropolished in a 5 percent sodium hydroxide solution before

testing. Some of the tensile specimens were heat treated before testing (table III) 1 in an

attempt to determine whether a strengthening effect similar to that observed in thoria

dispersed nickel-chromium could be obtained (ref. 10). The 1316 ° C heat treating tem-

perature was selected because previous work (ref. 8) showed only a slight thoria coars-

ening (after much longer heat treating time).

Tensile tests at temperatures of 1093 ° C and lower were carried out in vacuum.

Above 1093 ° C the tests were carried out under argon. An Instron tensile tester run at a

crosshead speed of 0.0508 centimeter per minute (0. 020 in./min) was used for all tests.

The load versus crosshead travel was recorded on a strip chart. The curve so obtained

was used to determine the elongation of the specimen.

lIn this table, the second number in the designation refers to a sample from a par-

ticular batch.

5



Ductile-to-brittle transition temperature tests. - Specimens for DBTT bend tests

were made from the grip ends of the tensile test specimens after tensile tests. After

cutting, the DBTT specimens were electropolished to a thickness of either 0. 051 or

0.07 6 centimeter (0. 020 or 0. 030 in. ).

The DBTT bend test were carried out by the three-point loading method. The spec-

imens were tested on a 2.54-centimeter span, over 4T radius at 2.54 centimeters per

minute. The DBTT was taken as the lowest temperature at which a specimen bent 90 °

without breaking.

The DBTT of one of the as-hot-pressed materials was determined by tensile tests.

The specimen used was the same type used for tensile tests (fig. 5(a)). The specimen

was heated and then stressed at constant temperature until it yielded slightly. The test

was repeated at successively lower temperatures until the specimen broke in a brittle

manner without yielding. The DBTT was taken as the average temperature between the

last two tests.

RESULTS AND DISCUSSION

Mechanical Properties and Microstructure

Tensile properties. - Figures 6 to 8 show the effects of test temperature on the ten-

sile properties of pure chromium (Cr) and of chromium dispersion strengthened with

4 volume percent thoria (Cr + 4 vol. % ThO2). The ultimate tensile strengths of both

as hot pressed (HP) and as hot pressed and hot rolled (HP and HR) samples are plotted

in figure 6. The HP pure Cr (HP Cr) samples were made from batch A-0 (table II). The

HP Cr + 4 vol. % ThO 2 samples were made from batches B-0 and C-0. The HP and HR

Cr + 4 vol. % ThO 2 samples were made from batches D-2, E-2, and F-2. For compar-

ison purposes the UTS of cast, extruded, and swaged pure Cr (CES Cr) from reference 1

was also plotted. Figure 7 shows the 0.2 percent offset yield strengths (YS) versus tem-

perature plots for the same samples as in figure 6. Figure 8 indicates the corresponding

elongations for the same samples and, in addition, for Cr + 4 vol. % ThO 2 hot rolled

after hot pressing at 1093 ° C (instead of 1204 ° C).

As shown in figure 6, HP Cr is stronger than CES Cr at 620 ° C and both have about

the same strength at 1093 ° C. The hot pressed Cr + 4 vol. % ThO 2 is stronger than HP

Cr at 620 ° C and both have about the same strength at 1093 ° C. The hot pressed and hot

rolled Cr + 4 vol. % ThO 2 is, in turn, stronger than HP Cr + 4 vol. % ThO 2 over the en-

tire temperature range.

Figure 7 shows that HP Cr and CES Cr have about the same yield strength over the

temperature range investigated. In turn, the yield strengths of HP Cr + 4 vol. % ThO 2

is higher than that of HP Cr at low temperature and they become equal at about 1093 ° C.
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The hot pressed and hot rolled Cr + 4 vol. %ThO2hasbetter yield strength than HP
Cr + 4 vol. %ThO2 below about 800° C and aboveabout 1000° C; in the range from about
800° to !000° C, the yield strengths are about equal.

The plots for both the ultimate tensile strength (fig. 6) and the yield strength (fig. 7)
show that in the low temperature range (belowabout 1093° C) chromium is strengthened
by thoria dispersions with or without the benefit of thermomechanical treatments. This
is certainly true in the regime of 600° C where direct data comparisons are possible°
On the other hand, in the high-temperature range (at and aboveabout 1093° C}, thermo-

mechanical treatment is required to strengthen the Cr + 4 volo % ThO2 alloy.
Only one other investigation (ref. 6) dealing with the properties of unalloyed, dis-

persion strengthenedCr producedby a powder metallurgy method is known to the author.
Both at low andhigh temperatures, the strength of the dispersion strengthenedCr + 4

vol. %ThO2 alloys produced in the present investigation compare favorably with those
reported in reference 6. Therein, dispersion strengthenedCr + 3 weight percent (nom-

inal} ThO2 alloys were found to have an ultimate tensile strength of 63.4 to 75.9 mega-
newtonsper square meter and a 0.2 percent yield strength of 53.2 to 66.8 meganewtons
per square meter at 1093° C; at 25° C the ultimate tensile strength andthe 0.2 percent
yield strength for the samealloy were reported to be 732and 605meganewtonsper
square meter, respectively.

It canbe seenin figure 8 that CESCr is more ductile than HP Cr, andthis, in turn,

is more ductile than HP Cr + 4 vol. % ThO2, within the temperature range investigated
(upto 1093° C). The ductility of HP Cr appears to decrease slightly with increasing tem-

perature. The ductility of HP (at 1204° C) andHR Cr + 4 vol. %ThO2 lies betweenthat
of HP Cr andHP Cr + 4 vol. %ThO2 up to about 1000° C and showsa maximum in the
elongation curve at about900° C. In contrast, the HP and HR Cr + 4 vol. %ThO2 pro-
ducedby hot pressing at 1093° C has continuously increasing ductility with increasing
temperature up to at least 1537° C. Oneof the reasons for the decrease in ductility with

temperature for both the HP (at 1204° C) andHR Cr + 4 vol. %ThO2 and for the HP Cr
may be dueto localized (as contrasted to uniform} elongation of the test specimens at
high temperature. This localized elongationcouldbe due to a nonuniform distribution of
dispersoid, to large grain size (relative to the thickness of the specimen}, or to porosity.
Other explanations for this phenomenonare also possible. Properly heat treated TD-
nickel chromium also shows a decrease in ductility with increasing test temperature. It
appears reasonable to assumethat, in the caseof HP (at 1204° C) and HR Cr + 4 vol. %

ThO2, the decrease in ductility could have an origin similar to that in the TD-alloys.
However, heat treating HP and HR Cr + 4 vol. %ThO2 for 1/2 hour at 1316° C did not
producea great effect on strength and ductility (notesamples D-2-1, D-2-2, E-2-3, and
D-2-3, table III). It appears, however, that for as-hot-pressed Cr the main effect of
heat treating at high temperature is to increase ductility, as canbe seenby a comparison
of the data for A-0-2 and A-0-3 in table IH.



Ductile-to-brittle transition temperature of Cr and Cr + 4 vol. % ThO 2. - As was

mentioned in the PROCEDURE section, the DBTT tests carried out in this investigation

were of two types: bend tests for flat specimens and tensile tests with round specimens.

Since Cr changes from ductile to brittle within a very narrow temperature range, the

data from the two types of test are believed to be directly comparable. As already

stated, the bend DBTT were obtained on specimens cut from used tensile test specimens.

It is estimated that during the tensile tests the specimens were held at temperature from

20 to 35 minutes (depending on the elongation of the specimen). This time at temperature

must be added to any other heat treatments indicated in table HI.

Although the DBTT of as-hot-pressed pure Cr was not determined experimentally, it

is deduced that this DBTT is very close to 140 ° C. This DBTT value was arrived at by

the following line of reasoning. Firstly, the bend DBTT of HP and HR pure Cr (specimen

A-I-l, table HI) is 139 ° C. Secondly, the tensile DBTT of HP and HR pure Cr was found

to be 1400 C in reference 6. Thirdly, it was also found in reference 6 that recrystalliza-

tion of this Cr (by heat treating for 1 hr at temperatures above 800 ° C) did not change the

DBTT. Finally, HP pure Cr and recrystallized HP and HR pure Cr have the same equi-

axed grain structure. It follows that as HP Cr should have about the same DBTT as HP

and HR Cr. By contrast, in the present investigation, the DBTT of HP Cr + 4 vol. %

ThO 2 was found to be 501 ° C (sample C-0, table H). As explained in the PROCEDURES

section, the specimen was slightly prestrained during each of the trials. Hence, since

prestraining is known to lower the DBTT of chromium (ref. 11), the 501 ° C DBTT is

probably close to a minimum value. Extrapolation of the elongation as a function of tem-

perature plot for HP Cr + 4 vol. % ThO 2 in figure 8 further supports the validity of this

DBTT. Hence, 4 vol. % ThO 2 raises the DBTT of pure Cr by about 360 ° C. It is sur-

mised from this result that, in general, dispersoids in the absence of other counteracting

mechanisms raise the DBTT of Cr.

The bend DBTT of HP and HR Cr + 4 vol. % ThO 2 are 16° to 24 ° C (D-2-1 and E-2-1,

table HI) as compared with a (tensile) DBTT of 501 ° C for the HP Cr + 4 vol. % ThO 2.

Thus, hot working lowers the DBTT of HP Cr + 4 vol. % ThO 2 by about 480 ° C. Although

both nitrogen and carbon are known to be detrimental to the DBTT of Cr (ref. 12),

the relatively small differences in nitrogen and carbon contents for the samples in ques-

tion (table IV) discount the possibility that this large DBTT difference is due to differ-

ences in chemical analysis. Hence, it can be concluded that hot working is beneficial to

the DBTT of dispersion strengthened Cr.

After heat treating for 1/2 hour at 1316 ° C the DBTT of HP and HR Cr + 4 vol. %

ThO 2 increases to 35 ° C (D-2-2, table III) and to 114 ° C after the 1537 ° C tensile test

(E-1-3, table liD. Hence, heat treating at high temperatures causes an increase in

DBTT.

From these results and conclusions it is theorized that hot rolling lowers the

DBTT of Cr + 4 vol. % ThO 2 because the dispersoid inhibits the recovery and
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recrystallization of the strained structure. The well knownfacts that prestraining
lowers the DBTT of Cr (refs. 11and 13), that the DBTT of refractory metals is lowered
by increasing their strain energy (ref. 14), andthat recovery and recrystallization are
inhibited by dispersoids (refs. 15to 19)further support this theory. More pertinent, Cr

dispersion strengthenedwith ThO2 recovers and recrystallizes muchmore slowly than
pure Cr on annealing (ref. 6, pp. 40 to 52). The fact that strain energy is retained by

HP and HR Cr + 4 vol. %ThO2 is also supportedby the following additional results of the
present investigation. First, evenafter annealing for 2 hours at 1150° C, the character-
istic microstructure of heavily deformed metal is retained in the thoriated alloy but not
in pure chromium, as a comparison of figures 10and 11shows. Second,lowering the

hot rolling temperature lowers the DBTT of HP andHR Cr + 4 vol. %ThO2, as a com-
parison of samples D-2-1 (whichwas hot rolled at 871° C and hasa DBTT of 16° C) and
D-3 (which was hot rolled at 760° C andhas a DBTT of -8° C) in table V shows. Finally,
annealing at high temperatures raised the DBTT.

Comparison of properties of Cr + 4 vol. % ThO 2 with those of conventionally cast and

wrought chromium base alloys. - Figure 9 shows the ultimate tensile strength as a func-

tion of temperature for HP and HR Cr + 4 vol. % ThO 2 from this investigation superim-

posed of the corresponding curves of cast and wrought Cr alloys from reference 20. The

DBTT of all these alloys are also given in the figure. The cast and wrought Cr base al-

loys reported in reference 20 have probably the best combination of tensile and DBTT

properties of the cast chromium-base alloys reported in the literature. The Cr + 4

vol. % ThO 2 alloy is stronger than unalloyed Cr (Cr - 0.1 Y actually) over the entire tem-

perature range investigated. Below about 750 ° C the Cr + 4 vol. % ThO 2 is stronger than

any of the other alloys except Cr-35 Re. Between about 950 ° and 1300 ° C the Cr + 4

vol. % ThO 2 alloy is weaker than both the solid solution and the precipitation strength-

ened alloys. At a temperature of approximately 1300 ° C the Cr + 4 vol. % ThO 2 alloy

has strength equal to or better than that of some of the better precipitation strengthened

alloys, but it is weaker than both the solid solutions and the solid solutions plus precip-

itation strengthened alloys.

As regards the DBTT's, it should be noted that, in general (except for the Cr-35 Re

alloy), the stronger the alloy the higher its DBTT. This appears to be a characteristic

of Cr alloys (ref. 3), except for those ductilized by the rhenium effect. By comparison,

the Cr + 4 vol. % ThO 2 has a DBTT practically as low as the lowest in the Cr base alloys

(here again, excepting the Cr-35 Re alloy) despite its relatively high strength either be-

low about 700 ° or above about 1300 ° C. These considerations suggest that the dispersion

strengthening process used in this investigation should produce alloys with good high-

temperature strength with a relatively low DBTT when this process is applied to a solid

solution Cr base alloy (e. g., Cr-4 Mo).

Cr + 4 vol. % ThO 2 with scavenger additions. - Certain scavengers or gettering el-

ements may be added to chromium to counteract the deleterious effects of impurities iN



and C, mainly) on its DBTT (ref. 21). Fruitless attempts to use the direct addition of

scavengers to the mill feed led to the development of a novel method of incorporating

them as hydrides into the Cr + 4 vol. % ThO 2 mixture. Although contamination during

processing vitiated the results, this method is believed useful for incorporating some

scavengers and alloying elements in powder metallurgy products, and for this reason it

is described in the appendix.

Microstructures. - Figure 10 is an electron photomicrograph of the sample desig-

nated as E-I (tableIf)after annealing for 2 hours at 1150° C and is typical of similar HP

and HR Cr - 4 vol. % ThO 2 samples. The thoria particles are well distributed in the

structure and range in size from about 0.02 to 0.2 micrometer. One interesting feature

shown inthis photomicrograph is that the thoria particles were flattenedduring rolling.

These thoria particles tend to be stringered along the grain boundaries. The photomi-

crograph also shows very small grains elongated in the rolling direction. (These are

believed to be grains because in order to observe subgrains itis usually necessary to re-

sort to transmission electron microscopy). By contrast, HP Cr also annealed for 2

hours at 11500 C has much larger, equiaxed grains, and there is no evidence of hot roll-

ing left(fig.11). As already stated, these results show that the recrystallization of Cr

is inhibitedby the dispersoid.

Effect of Processing Variables and Chemistry on Properties

Ball milling. - During ball milling, some material is usually removed from balls

and mill. This removed material contaminates and/or dilutes the milled mixture. In

this investigation, the material removed from the mills is molybdenum, and the material

removed from the balls is chromium. Molybdenum is reported to be slightly beneficial

to the DBTT of chromium (ref. 22). However, the small amounts of molybdenum (700 to

2900 ppm, table IV) removed from the mill liner during milling are not expected to affect

the properties of chromium appreciably. As determined by weight loss, the material re-

moved from the chromium balls was between 2 and 3 grams per batch. Hence, contam-

ination of the batches from this source is negligible.

Reduction or cleaning in hydrogen. - As shown by the chemical analysis in table IV,

only a small amount of residual iodine (<100 to 500 ppm) remained in the samples used

for tensile and DBTT tests. As shown in table I, the raw chromium powder contains

251 ppm carbon. Yet, all the samples listed in table IV (except HP Cr sample A-0) con-

tain much smaller amounts of carbon than the raw chromium powder used for their prep-

aration. This was to be expected in view of the results previously reported (ref. 8).

The removal of carbon from chromium is very desirable because carbon is reported to

be almost as detrimental as nitrogen to the DBTT of chromium (ref. 14). The reason for

the relatively large carbon content of the HP Cr sample is not known. It is surmised,
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however, that, since sample A-0 has no dispersoids, it sinters much faster than the

other samples during cleaning thereby hindering the diffusion of carbon and its eventual

removal.

Nitrogen does not appear to be affected by the reduction process. The variations in

the nitrogen content of the samples listed in table IV may result from contamination of

the powders during processing and/or from analytical inaccuracies.

As shown in a previous investigation (ref. 8) some ThO 2 is lost during the cleaning

process. The ThO 2 was probably lost by formation of thorium iodide either during mill-

ing or during hydrogen reduction of the milled powders. From the results shown in

table IV, it is calculated that the loss amounted to about 4 percent of the ThO 2 originally

added. This calculation takes into account the dilution due to the chromium removed

from the balls during ball milling.

The calculated amounts of oxygen in excess of that tied up in the ThO 2 are also

shown in table IV. As a rule, the excess oxygen is only slightly above the oxygen content

of the chromium powder originally used as mill feed.

The results of chemical analysis for nitrogen and oxygen show that the process used

in this investigation is very good for preventing contamination of the powders with atmos-

pheric gases. These results are better than those previously reported (ref. 8), mainly

because of improvements in the equipment used.

Isostatic hot pressing. - Table V shows the effects of hot pressing conditions on the

properties of subsequently hot rolled Cr + 4 vol. % ThO 2. The HP and HR Cr + 4 vol. %

ThO 2 sample (sample D-2-1) has the best 1093 ° C strength and a low DBTT. For these

reasons most of the samples used in this investigation were hot pressed at 1204 ° C and

103.4 meganewtons per square meter. It should be noted that the Cr and Cr + 4 vol. %

ThO 2 specimens to be used in the as-hot-pressed condition samples (A-0, B-0, and C-0,
table II) were hot pressed at 1093 ° C and 68.9 meganewtons per square meter. As shown

in table II, despite the lower temperature and pressure used for these as-hot-pressed

samples, their densities are very close to 100 percent of their theoretical densities.

It should be noted that sample E-4-1 was hot rolled but not hot pressed. Despite the

slightly lower strength and higher DBTT of this sample, the direct roll consolidation of

the powders is economically appealing.

Hot rolling. - Hot rolling experiments were carried out in order to determine the

most suitable hot rolling parameters. Some other preliminary experiments, not included

in this table, were carried out to determine the effects of hot rolling temperature on can

and specimen conditions.

The main trouble encountered during hot rolling was edge cracking of the cans. This

edge cracking was most severe at the lower hot rolling temperatures. To a lesser ex-

tent, high reduction per pass also causes edge cracking. Another source of trouble was

cracking of the chromium samples during pickle decanning. This cracking is due to buck-

ling of the sample after part of the supporting can is dissolved in the aqua regia. This
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buckling occurred almost exclusively with the low-temperature rolled samples. For
these reasons, most of the hot rolling for this investigation was carried out at 871° C and
a 10-percent reduction per pass. However, it should, be noted, that hot-pressed sample
D-3 which was hot rolled at 760° C has a DBTT of -8° C. This is the lowest DBTT of all

the samples investigated.
As already mentioned, a tantalum liner was used with all the cansprocessed in this

investigation. The purpose of the tantalum liner was to facilitate pickle decanningandto
act as a diffusion barrier for interstitials from the stainless steel can. It wouldbe ex-

pectedthat sometantalum would diffuse into the Cr during hot pressing andhot rolling.
However, as shownby the analysis in table IV, the amount of tantalum that diffused into
the Cr was less than 100ppm. In addition, microprobe analysis of the chromium-
tantalum interface showednodetectable diffusion of tantalum in Cr either after hot press-

ing or after hot rolling.

SUMMARYOF RESULTS

An investigation of the effects of processing variables on the tensile properties and
the ductile-to-brittle transition temperature (DBTT) of chromium dispersion strength-

enedwith 4 volume percent thoria (Cr + 4 vol. %ThO2) andof pure chromium (Cr) made
by ball milling in hydrogeniodide produced the following results.

1. The ultimate tensile strength of hot pressed and hot rolled (HP and HR) Cr + 4

vol. %ThO2 was higher than that of HP Cr + 4 vol. %ThO2 andof pure Cr over the tem-
perature range investigated. At 345°, 1093°, and 1316° C the ultimate tensile strength

of the HP andHR Cr + 4 vol. %ThO2 were 790, 103, and 46 newtonsper square meter,
respectively, andthe ultimate tensile strength of the HP Cr + 4 vol. %ThO2 were 615
(extrapolated), 45.4, and 6.9 meganewtonsper square meter, respectively. By compar-
ison, the ultimate tensile strength of pure chromium was 61 meganewtonsper square
meter at 1093° C.

2. The 0.2 percent offset yield strength of HP and HR Cr + 4 vol. %ThO2 was 91
meganewtonsper square meter at 1093° C. The yield strength at 1093° C for the HP

Cr + 4 vol. %ThO2 was 51meganewtonsper square meter and for pure Cr 60.7 mega-
newtonsper square meter. The HP and HR Cr + 4 vol. %ThO2 hasbetter yield strength
than HP Cr + 4 vol. %ThO2 below about 800° C and aboveabout 1000° C; in the range
form 800° to 1000° C the yield strengths were about equal. In the rangebelow about

900° C both the HP andthe HP andHR Cr + 4 vol. %ThO2 alloys haveabout twice the
yield strengthof pure Cr.

3. The elongationof the HP andHR Cr + 4 vol. %ThO2 exhibited a maximum at
abou_900° C. This maximum occurred with the alloys hot pressed at 1204° C before hot
rolling. Despite this maximum, pure Cr was more ductile than the HP and HR
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Cr + 4 vol. %ThO2 alloys. These, in turn, were more ductile than the HP Cr + 4 vol. %
ThO2 alloys below about 1000° C.

4. The bend DBTT of HP and HR pure Cr was 139° C whereas that of HP andHR

Cr + 4 vol. %ThO2 ranged from -8° to 24° C. By contrast, the tensile DBTT of HP
Cr + 4 vol. %ThO2 was 501° C.

CONC LUSIONS

The results of the present investigation led to the following conclusions.

1. The hydrogen iodide milling process used in this investigation proved capable of

producing Cr + 4 vol. % ThO 2 alloys having lower ductile-to-brittle transition temper-

atures (DBTT) than either pure Cr or than many solid solution and/or precipitation

strengthened Cr base alloys reported in the literature. These Cr + 4 vol. % ThO 2 alloys
also compare favorably in tensile strength up to 750 ° C and at 1300 ° C with some of the

best cast and wrought chromium base alloys reported in the literature.

2. The dispersoid increases the ultimate tensile and the yield strengths of hot

pressed and hot rolled (HP and HR) Cr + 4 vol. % ThO 2 over the entire temperature

range investigated, as compared with that of as hot pressed (HP) pure Cr; however, the

dispersoid increases the ultimate yield strengths of HP Cr + 4 vol. % ThO 2 only at tem-
peratures below about 900 ° C.

3. In as-hot-pressed Cr the dispersoid, per se, raises the DBTT whereas the dis-

persoid combined with hot working lowers the DBTT. Dispersoids lower the DBTT of hot

worked Cr by hindering the recovery and recrystallization of the strained structure. On

this basis, the DBTT of dispersion strengthened Cr should be lowered by lowering the

hot rolling temperature, increasing the total reduction and the reduction per pass, and

optimizing the dispersoid particle size and interparticle spacing.

4. The improvement in mechanical properties brought about by thermomechanical

processing is attributed to the relatively good distribution of dispersoid. This good dis-

tribution of the dispersoid results from the ability of the hydrogen iodide milling process

to produce fine submicron powders. Other factors that help retain a good dispersion are

that these powders can be hydrogen reduced at relatively low temperature and that the

process minimizes their contamination by atmospheric gases.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, August 24, 1973,

501-21.
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APPENDIX - CHROMIUM-THORIAWITH SCAVENGERADDITIONS

Chromium dispersion strengthenedwith thoria (Cr + 4 vol. %ThO2) wasball milled
in hydrogeniodide and then cleaned in hydrogen essentially as described in the PROCE-
DURESsection, except that the ball milling time was 960 hours. The scavengermixture
to be addedto this Cr + 4 vol. %ThO2 powder was prepared as follows.

A mixture of 60weight percent yttrium, 20weight percent hafnium, and 20weight per
cent thorium coarse metal powder was first converted to the respective metal hydrides by
heating the mixture in hydrogen. This scavengingcomposition was selected on the basis
of work donein reference 23. After hydrogenationthe brittle hydrides were ball milled

with 4 vol. %ThO2 for 114hours in a ball mill pressurized with helium. The clean
Cr + 4 vol. %ThO2 powderwas then mixed with 1 weight percent of the scavenger
hydride-thoria mixture. After mixing for 24hours by tumbling in a ball mill pressurized
with helium, the powder mixture was dehydrogenatedby gradual heating in vacuum to
870° C. The powder mixture was then hot pressed at 1204° C and 103.4 meganewtonsper
square meter for 2hours followed by hot rolling at 871° C and at a 10-percent reduction
per pass to a total reduction of 85percent.

For comparison, a batch of the sameCr + 4 vol. %ThO2 without scavengerswas
consolidatedand hot rolled under the same conditions. Chemical analysis of the two
batches of as-consolidated material gavethe following results:

Cr + 4 vol. % ThO 2 Chemical analysis, ppm

N C O Mo Ta

With scavengers 370 68 6605 ND a ND

Without scavengers 209 24 6130 700 (100

aNot determined.

Electron microscopy of the as-hot-rolled, scavenged alloy showed a microstructure

similar to that in figure 9, except for the presence of yttrium chunks up to 15 micro-

meters in diameter. The agglomeration of yttrium was to be expected on view of the very

low solubility of this metal in chromium (ref. 24).

The two materials were tensile tested at 1093 ° C and the bend DBTT determined

with the following results:
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Cr + 4 vol. % ThO 2 Ultimate

tensile

strength

MN/m 2 ksi

Without scavengers 98.5 14.27

With scavengers 123.9 17.95

0.2 Percent

yield

strength

MN/m 2 ksi

87.7 12.70

86.9 12.59

IElongation,

percent

10.1

7.0

Bend

DBTT,

o C

427

26O

The scavenged alloy had the highest 1093 ° C ultimate tensile strength of all the mate-

rials reported in this investigation. The DBTT of both materials was too high when com-

pared with those of materials consolidated under the same conditions (table Ill). The rel-

atively high DBTT of these two materials is probably due to their relatively high nitrogen

content. The high nitrogen content is probably due to accidental contamination during

handling and to nitrogen in the scavenger metals. However, despite the fact that the

scavenged alloy had higher nitrogen, it has a much lower DBTT than the alloy without the

scavengers. Even though contamination with nitrogen vitiated the results, the method de-

scribed is believed to be suitable for incorporating certain alloying and scavenging el-

ements in alloys prepared by powder metallurgy methods.
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Material

Cr

Hf

Th

ThO 2

HI

TABLE I. - CHARACTERIZATION OF RAW MATERIALS

Form Supplier

Electrolytic Union Carbide Corp.

flake crushed

to -20 mesh

Powder, -40 Alfa Products

mesh

Powder, -80 Carborundum Co

mesh

Powder, -80 UMC

mesh

Colloidal pow- Thorium Ltd.

der, 0.9050 to

0. 0150 _m

Liquid under The Malheson Co.

pressure in

steel tanks

aIn house analysis.

Grade Purity,

percent

High 99.5

purity (min)

m2N5 99.5

(c) 96.5

High 99.95

purity

High 99.9

purity (min)

(c) 96

(min)

bAnalysis for nonmetallic impurities not available.

CNot available.

Manufacturer's specification or chemical analysis

Oxygen, 134 ppm (a); nitrogen, 85 ppm; carbon, 251 ppm; iron, 3 ppm

Tantalum, 3000 ppm; calcium, 700 ppm; nickel, 700 ppm; iron, 500 ppm;

aluminum, 300 ppm; other metals, 500 ppm Co)

Hafnium, 96.5%_; zirconium, 3.5%; oxygen, 800 ppm; nitrogen, 26 ppm;

carbon, 86 ppm

(c)

Sulfur, 100 ppm; calcium, 350ppm (max); iron, 10 ppm (max); silicon,

60 ppm (max); sodium, 100ppm (max); all other elements, • 50 ppm

total

Minimum liquid purity of 96 percent. Impurities consist of iodine in the

liquid phase and hydrogen in the gaseous phase.

TABLE II. - PROCESSING CONDITIONS OF POWDER SAMPLES BALL MILLED 320 HOURS.

Sample

identification

A-0

A-1

B-0

Nominal

composition

Pure Cr

Pure Cr

Cr + 4 vol. % ThO 2

Cleaning

Temperature, Time,

°C hr

660

660

650

C-0

D-2

D-3

E-1

E-2

E-4

F-2

650

680

680

675

675

675

I' 670

allot pressing time, 2 hr.

bNot hot rolled.

CNot hot pressed.

281

281

399

228

352

352

290

290

290

212

Hot pressing a

Temperature

° C

1093

1093

1093

1093

1204

1204

1093

1204

(c)
1204

Pressure

MN/m 2! ksi

68.9 10

68.9 10

68.9 1O

68.9 10

103.4 15

103.4 15

68.9 1O

103.4 15

(c) (c)
103.4 15

Hot rolling Density of

solid sample,

Temperature, Reduction % of theo-

°C in area retical

per pass,

%

(b) Co) 99.3

871 10 99.7

Co) Co) 99.8

(b) Co) 99.8

871 10 99.3

760 I 99.2

871 _ 98.699.5

20 99.5
I,

lO 99.8
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- 1 RE,-_T,,I E ,_rTABLE I_. EFFECT OF HEAT _ ^ _ " AND TENSILE TEST TEMPERATURE ON TENSILE

PROPERTIES AND DBTT OF Cr AND Cr + 4 VOL. % ThO 2.

Sample

identification

Heat treatment

Temperature, Time, Atmosphere

o C

A-0-1 ....

A-0-2 ....

A-0-3 1316

A-I-I ....

B-0-1 ....

B-0-2 ....

C-0-1 ....

C-0-2 ....

D-2-1 ....

D-2-2 1316

D-2-3 1316

E-l-1 ....

E-1-2 ....

E-1-3 ....

E-2-3 ....

E-2-4 ....

F-2-1 ....

F-2-2 ....

F-2-3 ....

hr

2 Argon

1/2 Argon

1/2 Argon

Tensile properties

Temperature. Ultimate

aNot available.

o C

I

Elongation, [

0.2-Percent %

tensile yield

strength strength

MN/m2 ksi MN/m 2 ksi

621 439.0 63.7 222.0 32.2 21

1093 65.1 9.44 60.8 8.82 17.1

1093 72.8 10.55 48.5 7.04 35.0

1093 74.5 10.80 49.8 7.22 42.1

1093 45.4 6.58 42.6 6.18 10.0

1316 6.88 .996 5.49 .796 48.0

558 567.0 82.2 511.0 74.0

780 389.5 56.5 379.0 55.0

1093 103.0 14.93 91.3 13.22

1093 101.7 14.75 87.4 12.67

1316 66.3 9.60 66.3 9.60

1093 102.8 14.93 68.3 10.04

1316 35.0 5.08 23.7 3.44

1537 8.1 1.18 5.9 .90

1316 32.35 4.69 31.9 4.63

1537 18.4 2.67 17.8 2.59

345 790.0 114.5 631.5 91.5

653 631.5 91.5 526.0 76.3

871 295.0 42.8 263.0 38.1

Bend ductile-to-

brittle transition

temperature,

o C

(a)

(a)

(a)
139

(a)

1.2

4.1 1'

1.8 16

1.3 35

0.2 (a)
13.2 24

14.4 16

32.0 114

64 _"_

.40

6.9

11.6

17.9 I,

Sample

identification

A-0 (a)

A-1 <100

C -o (a)

D-2 500

E-I (a)

E-2 5OO

F -2 (a)

aNot determined.

bEstimated.

TABLE IV. - CHEMICAL ANALYSIS OF SOME CONSOLIDATED SAMPLES

Iodine, INitrogen , Carbon, Oxygen, Thoria, Calculated excess Molybdenum,l

ppm ppm ppm ppm %

(b)

Tantalum,

78 240 310 0

44 (a) 324 0

93 94 6440 5.13

105 26 6270 5.09

66 33 6980 (a)

83 13 6285 (a)

143 31 6600 5.10

oxygen,

ppm

310 2900

324 (a)

220 700

120 1000

(a) 600

(a)

42O

ppm ppm

(a)

(a)

'r

(a) <I00

800 (a)
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TABLE V. - EFFECT OF HOT PRESSING AND HOT ROLLING CONDITIONS ON 1093 ° C TENSILE PROPERTIES

AND ON DBTT OF Cr + 4 vol. _ ThO 2.

Sample

identification

E-I-I

D-2-1

D-3

E-4

Hot pressing

Temperature,

o C

1093

1204

1204

aNot hot pressed.

(a)

Pressure

MN/m 2 ksi

68.9 10

103.4 15

103.4 15

(a) (a)

Hot rolling

Temperature, Reduction Condition

°C per pass, of rolled

% material

871 10 No cracks

871 10 No cracks

760 10 Five

cracks in

can

871 20 Cracks in

can

Tensile properties

Ultimate

tensile

strength,

MN/m 2 ksi

102.8 14.93

103.0 14.94

83.4 12.08

99.6 14.45

0.2-Percent

yield

strength

MN/m 2 ksi

68.3 10.04

91.3 13.22

64.6 9.36

85.6 12.40

Elongation,

13.2

1.8

5.0

6.1

Ductile -to -

brittle

transition

temperature,

DBTT,

° C

24

16

-8

118

Compoundgage

_J_B _ Bypassvalve
li

all-mill f-Filter /'J_'f-- _ _
I j valve_ \ / /-- _ 'x_ Couplings

[ Ball-mill". E f]//4Coup'ing '

I gage-_ \_ ulnu/ I I

"_E_:_ '_ Lniq_en

II_Hydrogen iodide
tank _-Cryogenic trap

Vacuum pump

Figure 1. - System.for pressurizing ball mills with hydrogen iodide.
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Pressure
relief

valve_

High -pres-
sure re-

gulator-.\
\

_-Hydrogen
tanks

Palladium -silver
hydrogen puri-
fier_

\

\

\
\ Pressure
\

\ regulator_

t -(_oo_ ,±,

Helium

Pressure
relief
va Ive --\

11

Flowmeter_'

Check valves-T -- -_
/

/-Recycling, adjustable
/ timer switch

_!i_ Four Scrubbers\_lum

_0xide

inlet valves_

Temperature
recorder

\

I

Cooling
water out

Retort
thermocouple

Molybdenum boat

with powder_._.

_Furnace

"--Radiation shields

,--Furnace thermocouple

Furnace
temperature
controller

,I II
Figure2. - Hydrogen cleaningrig.
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Ball mills loadedwith
balls and powdersin
helium-filled glove box

Ball mills evacuated I
and pressurized with hy- Idrogen iodide gas

I Powdersball milled I

Ball mills evacuated; and
repressurized with hydro-
gen iodide as required

Ball mills evacuatedand
transferred to helium-
filled glove box

Powdersand balls sepa-
rated by sieving in
glove box

Milled powders loadedin
gas-tight retort in
glove box

Retorts removedfrom
glove boxand connected
to hydrogen cleaning rig

Milled powderscleaned in
pulsating hydrogen; clean-
ing monitored with gas
chromatograph

Clean powdersremoved
from retort in glove box

Milled hydridesof scav- I I Mixtureof powders

engers mixed thoroughly _ heated in vacuumwith cleaned powder to remove hydrogen

Powderscanned in glove box
for hot isostatic pressing

Cans evacuatedand sealedby
electron beamwelding

Cans hot pressed

isostatically I

Cans hot rolled
into striDs

I
Pickle decan

Make test specimens bygrin-
ding and spark machining

Che
ana

I

I

r

mical J_

ysis I-

Figure 3. - Flowchart for preparation and testing of chromium and chromium + 4 vol .% thoria specimens.
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1.27- or 1.90-
cmo. d.

stainless
steel can :x

\\

\

x_lx

Tantalum [,--4/
thimble _ ___

(a) Insert tantalum
liner in can.

Tovacuum pump

I

_ __Vacuum valve

I !__,- Vac,,omcoup,log

Ir:;;n_: rhey:rcau:i_on_ "/_'

"t Can

(el Connect can to

vacuum coupling,

evacuate, and
flatten can as shown.

Powder -_

!

(b) Filltantalum

thimblewith
powder.

i _Plunger

l

z
z

(c) Press powder
in thimble.

Can _

Plug-., _

Tantalum _thimbleJ"

(d) Cap with
plug.

/- E B gun

Can

/- E B welder

electr_e and clamp

(

if) Cut off can across flattened section

in electron beam(EB}welder.

e.lectrode-clamp

(g)Weldlipsofflat "_""_,..,...--

section of can in
E B welder.

Figure 4. - Canning of powders for isostatic hot pressing.
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(b) Hot rolled specimens. Thickness, 0.076 to O.101 centimeter.

Figure 5. -Tensile specimens. (All dimensions in cm. )
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Figure 6. - Effect of temperature on ultimate tensile strength of
chromium with 4 vol.% thoria.
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Figure 7. - Effect of temperature on O.2-percent yield strength of
chromium with 4 vol. $ thoria.
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F igu re  10. - Electron photomicrograph of hot rolled c h r o m i u m  wi th  4 vol. % t h o r i a  (sample E-I, 
table 11) after anneal ing for  2 h o u r s  at 1150' C. 
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Figure 11. - Electron photomicrograph of hot rolled pure chromium (sample A-1, table 11) after 
annealing for 2 hrs. at 1150' C. 
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